Human erythropoietin, a widely used and important therapeutic glycoprotein, has a relatively short plasma half-life due to clearance by glomerular filtration as well as by other mechanisms. We hypothesized that an erythropoietin species with a larger molecular size would exhibit an increased plasma half-life and, potentially, an enhanced biological activity. We now report the production of biologically active erythropoietin dimers and trimers by chemical crosslinking of the conventional monomeric form. We imparted free sulfhydryl residues to a pool of erythropoietin monomer by chemical modification. A second pool was reacted with another modifying reagent to yield monomer with maleimido groups. Upon mixing these two pools, covalently linked dimers and trimers were formed that were biologically active in vitro. The plasma half-life of erythropoietin dimers in rabbits was >24 h compared with 4 h for the monomers. Importantly, erythropoietin dimers were biologically active in vivo as shown by their ability to increase the hematocrits of mice when injected subcutaneously. In addition, the dimers exhibited >26-fold higher activity in vivo than did the monomers and were very effective after only one dose. Dimeric and other oligomeric forms of Epo may have an important role in therapy.
pel) diluted 1:1000 in TBST, 5% nonfat dry milk for 1 h at 23°C. Rinsing and washing were again carried out as above plus two additional washes for 5 min each. Protein bands recognized by the primary antibody were detected using an ECL luminescence kit (Amersham).
In Vivo Half-Life Determination. New Zealand White rabbits were injected intravenously with specified amounts of monomeric or dimeric Epo. Blood samples were obtained at specified times, and serum was prepared. Serum erythropoietin levels were determined by in vitro bioassay.
In Vivo Biological Activity. Groups of three to four C57BL͞6J mice (8-10-week-old females) were used. Before administration of Epo, each animal was anesthetized, and its hematocrit was determined using blood obtained by filling two heparinized microhematocrit tubes from the retro-orbital venous plexus. An identifying mark was placed on each animal to permit the determination of its pre-and posttreatment hematocrit individually. The animals were weighed, and each received an identical amount (in international units) of Epo monomer or dimer by subcutaneous injection of the protein in sterile Dulbecco's phosphate-buffered saline (0.5 ml). The biologic activities of the treatment samples were verified in triplicate by in vitro bioassay. The frequency of treatment was either thrice weekly (days 1, 3, and 5) or once only (day 1). On day 8, the posttreatment hematocrit of each animal was determined.
RESULTS
We hypothesized that an Epo species with a larger molecular size would exhibit an increased plasma half-life due, in part, to reduced filtration through the renal glomerulus. To produce this species, we chose to crosslink Epo monomers using a pair of heterobifunctional reagents that would take advantage of known aspects of the hormone's physicochemical properties. Human Epo contains four cysteines that form two disulfide bridges (10) . There is no convincing evidence that either of these disulfides is accessible to solvent or other reactive species unless the molecule is otherwise denatured (11) . Therefore, we chose to impart free sulfhydryls to erythropoietin using LC-SPDP. The product of this reaction, SH-Epo, was then reacted with maleimido-Epo, which had been produced by modifying a separate pool of Epo with the crosslinking reagent SMCC. The selective reaction of the new thiol group(s) of SH-Epo with the maleimido-Epo resulted in erythropoietin oligomers linked by stable covalent bonds. SDS͞PAGE analysis and Western blotting of the reaction mixture with antierythropoietin monoclonal antibody revealed new erythropoietin species of ϳ70 kDa and ϳ117 kDa, consistent with the formation of Epo-Epo dimers and Epo-Epo-Epo trimers (Fig. 1) .
We purified Epo dimers and trimers from Epo monomers by SE-HPLC. Fifty micrograms of SH-Epo and 50 g of maleimido-Epo were reacted, equilibrated with 0.1 M sodium phosphate, 0.15 M NaCl, pH 7.0, and subjected to SE-HPLC. The mixture was resolved into three major protein peaks with elution times of 7.50, 8.03, and 9.04 min, respectively (Fig. 2) . Preliminary experiments demonstrated that monomeric Epo eluted at 8.90-9.20 min. Thus, we expected that the 9.04-min peak would prove to be monomeric Epo, whereas the 7.50-and 8.03-min peaks would prove to be trimeric and dimeric Epo, respectively. The results obtained from SDS͞PAGE and Western blotting of the 0.2-ml fractions collected during SE-HPLC demonstrated that this was correct (Fig. 3) . Epo trimers of ϳ117 kDa were found in fractions of 37-41, coinciding with elution times of 6.8-7.4 min (allowing for appropriate retention volume between the detector and fraction collector). Next, dimers appeared, reaching a maximum in fractions 41-42 to coincide with the prominent 8.03-min peak. Finally, monomeric Epo appeared in fractions 45-47, coinciding with the 9.04-min peak, as expected.
Importantly, these three species were biologically active. Portions of each fraction were subjected to bioassay. When plotted versus fraction number (Fig. 4) , the profile obtained coincided with the protein elution profile, with activity maxima in fractions 39, 41, and 45. We used the integrated areas from the three chromatography peaks in Fig. 2 to calculate the amount of protein represented by each peak. These results were used to estimate the specific activities of the three Epo species. They were as follows: trimer ϭ 100 IU͞g; dimer ϭ 210 IU͞g; monomer ϭ 160 IU͞g.
Erythropoietin dimers exhibit a markedly prolonged in vivo half-life. We injected two groups of New Zealand White rabbits intravenously either with monomeric Epo or with the dimeric form purified by SE-HPLC. At specified times, blood samples were collected, and the Epo biological activity in the serum was determined by in vitro bioassay (Fig. 5) . The serum Epo levels of animals injected with monomer decreased rapidly with an approximate half-life of 4 h. In marked contrast, the serum Epo levels of animals injected with dimer were decreased only moderately after 24 h.
We compared the in vivo efficacy of Epo dimers and monomers by measuring the change in hematocrit (Hct) of mice injected subcutaneously with either form. Using at first a relatively high dosage regimen of 300 IU͞kg, days 1, 3, and 5 ( Fig. 6) , the mean Hct of monomer-treated animals rose from 46.9% to 51.0% for a mean absolute increase of 4.1%. In contrast, the mean Hct of dimer-treated animals rose from 46.9% to 56.1% for a mean absolute increase of 9.2%, 2.2-fold that observed for monomers.
Next, we compared the efficacy of dimers and monomers using additional dosage regimens (Fig. 7, A-D) . At 300 IU͞kg, day 1 only, the mean Hct of dimer-treated animals rose from 46.6% to 50.3%, for a mean absolute increase of 3.7% (Fig.  7B) . In contrast, no significant change was observed in the mean Hct of monomer-treated animals [47.4% pretreatment; 47.2% posttreatment (Fig. 7B)] . This difference between dimer-and monomer-treated animals is consistent with the prolonged plasma half-life of the dimeric form (Fig. 5 ). This result also shows that a single injection of Epo dimers can result in a significant Hct increase. Further in vivo experiments confirmed the superiority of Epo dimers over monomers. At a lower dosage of 30 IU͞kg, days 1, 3, and 5 (Fig. 7C) , the mean Hct of dimer-treated animals rose from 44.9% to 50.0% for a mean absolute increase of 5.1%, whereas the mean Hct of monomer-treated animals rose slightly from 47.1% to 48.2% for a 1.1% mean absolute increase. At the lowest dose tested, 30 IU͞kg, day 1 only (Fig. 7D) , the mean Hct of dimer-treated animals rose from 47.2% to 49.9%, for a mean absolute increase of 2.7%. As expected, the mean Hct of monomertreated animals did not increase (48.6% pretreatment, 47.0% posttreatment). The results indicate that Epo dimers are more than 10-fold as efficacious as Epo monomers on a per unit basis and that dimers can be administered less frequently with good therapeutic results.
DISCUSSION
The present study demonstrates that crosslinking Epo molecules using suitable heterobifunctional linkers results in the production of biologically active oligomers (dimers and trimers). The data show that Epo dimers have a prolonged plasma half-life and have markedly enhanced efficacy over conventional monomeric Epo. It is important to note the different potencies of the various Epo forms in vitro. The specific activities of monomer, dimer, and trimer were 160 IU͞g, 210 IU͞g, and 100 IU͞g, respectively, yielding a potency ratio of 1.0:1.3:0.6 when calculated on the basis of molecular mass. However, when calculated on a molar basis, the relative in vitro potencies of monomer:dimer:trimer are 1.0:2.6:1.8 (i.e., Epo oligomers have an increased specific activity). This fact should also be considered in evaluating the in vivo results. We administered equal dosages of monomer or dimer measured as units of activity (Figs. 6 and 7) . Because a single injection of 30 IU͞kg of dimer raised the Hct, whereas a single injection of 300 IU͞kg of monomer did not, we calculated that the dimer is Ͼ10-fold as efficacious as monomer. Additionally, on a molar basis the dimer dose was only 38% that of the monomer due to the higher specific activity of the dimer. Thus, the activity of the dimers in vivo was Ͼ10͞0.38, or Ͼ26-fold that of the monomers.
In designing these studies, we considered several potential approaches to increasing the size of the Epo molecule. They included derivatization with polyethylene glycol (12) and chemical conjugation to a carrier protein such as serum albumin. We chose, instead, to crosslink erythropoietin to itself. We did so with the desire of maintaining its receptor binding domain accessible and, perhaps, facilitating receptor dimerization, a phenomenon believed to be necessary for generating Epo's intracellular signal (13, 14) . Indeed, as one Epo molecule may result in the dimerization of two receptor units, the use of an Epo-Epo dimer could induce the formation of higher orders of receptor oligomers, thereby amplifying the intracellular signal. In this regard, we have shown previously that the induction of such receptor clusters results in positive cooperativity and an enhanced biological response (15, 16) . The enhanced in vitro potency of the oligomers may reflect this process.
The challenge in this study was to derivatize Epo and to oligomerize it without compromising its biological function. We initially ruled out the use of homobifunctional crosslinkers such as disuccinimidyl suberate. Such compounds have been used to achieve intrachain crosslinking with some formation of dimers as unwanted byproducts (17) . We viewed such homobifunctional reagents as likely to reduce the flexibility of the Epo molecule, leading to a pronounced loss of biological activity. Rather, we wanted a means of controlling the interaction of Epo monomers. The lack of free sulfhydryl groups in human Epo made this possible. Thus, we chose the heterobifunctional crosslinking pair of LC-SPDP and SMCC to achieve controlled oligomerization.
Initial studies on the therapeutic use of recombinant Epo in humans employed intravenous administration three times weekly (18) . This mode of administration results in extremely high plasma levels that fall off rapidly. Subcutaneous administration achieves a more sustained plasma Epo concentration due to the relatively slow release from the subcutaneous site (19) . Indeed, less frequent subcutaneous administration can be efficacious for maintenance in some clinical settings. However, once the subcutaneously administered Epo molecule reaches the circulation, it is subject to the same plasma clearance as is the intravenously administered form. Therefore, neither in rodents nor in humans has a single dose of subcutaneously administered monomeric Epo been reported to result in a significant increase in hematocrit. In marked contrast, in the present study a single dose of subcutaneously administered Epo dimers was found to be very efficacious in causing an increase in hematocrit. This observation, which we have confirmed repeatedly, suggests that dimeric and other oligomeric forms of Epo may have an important value in therapy. The use of such molecular forms could lead to reduced frequency of administration and, thus, have an important effect on cost. We suggest that this approach may be generally applicable to other therapeutic proteins, including, but not limited to, hematopoietic growth factors and coagulation factors. Exploration of these possibilities should lead to important advances in our understanding of the biology and pharmacokinetics of these proteins as well as to an enhancement of their use in clinical situations.
